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In paramagnetic rare-earth compounds, in the presence of an applied magnetic field, the 4f electrons
produce a field at the rare-earth nuclear site, which, for the free Sm'+ ion, is positive at all

temperatures. It is shown that because of crystal-field effects, the 4f contribution to the hyperfine field

at Sm reverses its sign at one or two temperatures, unlike in the free ion. Exchange interaction between
Sm ' ions, in the presence of crystal fields, may induce or suppress the sign reversals in the hyperfine field.

I. INTRODUCTION

The study of magnetic susceptibility and the
anomalous behavior of the Knight shift has evoked
much current interest concerning the magnetic
properties of Sm ' ions in compounds containing
samarium. In rare-earth intermetallic compounds
the Knight shift K& of the nonmagnetic constituent,
arising from the exchange interaction between the
conduction-electron spins and the rare-earth spins,
is proportional to (S,),„of the rare-ea. rth ion. For
most of the rare earths (S,),„ is proportional to the
4f susceptibility yt, so that a linear relation exists
between K& and yf. However, in the case of the Sm '
ion, the energy separations between the lower
multiplet levels are so small that temperature-
independent Van Vleck terms, ' associated with the
second-order Zeeman effect, contribute apprecia-
bly both to the susceptibility and to the Knight shift,
with the result that the linear relation between K&

and X& no longer holds. Further, White and Van
Vleck showed that in samarium compounds K&

should reverse sign at a temperature of about 300
K (called the crossover temperature).

The expected sign reversal of the Knight shift
has been observed in SmX ' (X=P, As, Sb, Bi),
SmA13, ' and SmPt2. However, the Knight shifts
in SmAl~, SmSn3, ' ' and SmFS' failed to show
any crossover. We have shown earlier by a sim-
ple model' ' (later extended by Malik' and by de
Wijn ef al. ) that the crossover in the Knight shift
may be suppressed because of the mixing of excited
J levels of Sm ' ion into the ground (J = —,) level by
crystal fields. This mixing of levels also consid-
erably affects the magnetic moment on samarium
in ferromagnetic samarium compounds. " In this
paper we show that the 4f-induced hyperfine field
at samarium in paramagnetic state is strongly in-
fluenced by crystal fields.

In paramagnetic rare-earth compounds, in the
presence of an external magnetic field, the 4f elec-
trons produce a. field (H4 ),„at the rare -earth nuclear
site, which in the case of free Sm' ion' '~ is posi-
tive at alt lernperatases (unlike (S,),„) and does

not show any crossover, i. e. , (H4t)„does not be-
come zero (see Fig. 1, the curve marked free ion).
However, we find that because of the mixing of J
levels of Sm '

by (cubic) crystal fields, the 4f con-
tribution to the hyperfine field reverses its sign
at some temperature, thus becoming negative at
low temperatures. This is in striking contrast
to the free-ion behavior. Two sign reversals may
also occur in some cases. Further, we find that
the exchange interaction between Sm ' ions, in the
presence of crystal fields, may also induce or
suppress the sign reversals in (H,~)„. (Here
(S,),„, (H,~),„, etc. are Boltzmann averages of
the expectation values of corresponding operators
over the multiplet levels of the Sm ' ion. )

Il. THEORY AND CALCULATIONS

The contribution from the 4f electrons to the
hyperfine field may be written in the operator
form~s

H „=—2peg (r,. [l,. —s,. + 3 r,.(r, ~ s, )/r, ]]. ,

where the summation is over all the 4f electrons.
In order to calculate the average hyperfine field
we need matrix elements of H „nondiagonal in 4
since crystal fields admix various .J levels. The
desired matrix elements can be obtained by first
writing H,~ into tensorial form' and then using
the standard techniques of tensor algebra. ""
This method requires the evaluation of 3 —j, 6-j,
and 9- j symbols and is quite cumbersome. How-

ever, for the Hund's-rule ground multiplet, closed-
form expressions are available for the matrix ele-
ments of H „. We note that H „,is a vector, and

by the signer-Eckart theorem its matrix elements
in the J.'U representation are related to the matrix
elements of the magnetic moment operator
(L+ 2S). Therefore, for the z component of the
hyperfine-field operator, we can write

&SLzuIHl'ISLz, lt) = —2t e&r )(zll ill&)»,

(SLJ11IH', SLJ —1.U) = —2p, e(r )
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x(J/[Nff J-1)[J'-M']"',
(3)

where (r ') is the expectation value of the inverse

cube radius of the 4f-electron orbital, and
(JI IN I I J) and (JI INI I J- 1) are certain multiplica-
tive factors which for the Hund's-rule ground mul-
tiplet are given by'

[3J(J'+ 1) —L (L + 1) +S(S + 1)][3J(J+ 1) —L (L + 1) —3 S(S + 1)]
4 J(J+ 1)

«II)eII& —»= —() ~— ' )p&' —&(& ~ )) —»)p ~ )))
I

with

(5)

4S —(2l + 1)
(2l —1)(21+3)S(2L —1)

(6)

and l =3 for f electrons. For trivalent rare-earth ions the values of (JI INIIJ) for the ground state and

(Jl!N I IJ—1) between the ground state and the first excited state (with g, = 2} have been tabulated by Elliott
and Stevens. '

The cubic-crystal-field Hamiltonian with z)) [001) axis of the cube is given by

3Cc=A, Z ( 35z', - 3r0', z', + r3)4+ 5Z (x4 —Gx',.yf+yf)
5

+As Z (231zs —315z', r, +105zsr', —5rs) —21+ (llz', —r', )(x', -6xsys+y4}
f

with summation over all the 4f electrons. The
matrix elements of K~ between states in the O'M

representation can be obtained either by the method
of operator equivalents '~ (extended to elements
nondiagonal in J) or by the methods of tensor alge-
bra as outlined by %ybourne. ' The procedure for
calculating (H+)„ is the same as used earlier" "
for calculating (Sg„and (L,+ 2$$„. The Hamilto-
nian consisting of the spin-orbit term and the crys-
tal-field terms,

the exchange field H, which the samarium ions
exert on each other, is a fraction of the applied
field H. Therefore, both the applied and the ex-
change fields may be treated as a perturbation
over the Hamiltonian of Eq. (8). Thus, for H)lz

we find

3C„„=I),sH(L, +2S,)+2gsH S, ,

and in the molecular-field approximation the ex-
change field may be written as

K=XK 8+Re (8)
2p, s H = -P~~(S,)„.

is diagonalized within the lowest-three multiplet
levels to obtain the energy eigenvalues E'0' and
the eigenfunctions I m). ln the paramagnetic state,

I

Calculating up to second order in perturbation the-
ory the expectation value (H+) of each level and
taking its Boltzmann average over all the levels,
we get

(H, )ap g &sess. s os.s&4f

~B L+2S sH ff + ff &s, s

where the notation o„,B is used for

(m I A, I m) (m I 8, I m) ~ (m I A, I m ')(m '
I B,I m)

OA, B +B,A. kT E (o) g (o) Psl
fft 2' All

with

p "' = exp(- z "')ep)/Z e*p( p" '/ep)—In the calculations presented below the matrix
elements of H', between (J, J') =(s Q), g, s}, ($,$),
($p+z), and (@,g) have been included.
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The effect of exchange interaction between
samarium ions on (H+) „/H in the presence of
crystal fields is shown in Figs. 2 and 3. (An ex-
pression for (H, )„/H for the free Sm ' ion in the
presence of applied and exchange fields is given in
Ref. 25. ) ln Fig. 2, A, (r4)/k = —320 K and Ae(r )/
k =-200 K and'J&& is varied. For~9&&=0 there is
one crossover in (H~)„/H. For positive values
of /fan {ferromagnetic exchange) the crossover tem-
perature increases as 9&& increases. For negative
values of,'l&f (antiferromagnetic exchange) the
crossover temperature decreases as l'3&&l in-
creases, then two crossovers appear and eventual-
ly for sufficiently large negative values of .J&& there
is no crossover as in the free-ion case. In Fig. 3,
the effect of exchange on the hyperfine field is
shown for another set of crystal-field parameters
namely, A, (r')/k =Ae(re)/k =200 K. For.9&&=0

there is no crossover in (H+)„/H. However it is
to be noted that depending upon its strength a ferro-
magnetic exchange may induce one or two cross-
overs in (H, )„/H. Many of the curves in Fig. 3

pass through a point which corresponds to the tem-
perature where (8,)„/H = 0, so that H„=O, and

(H4~)„/H is independent of H„. Thus we see that

a strong ferromagnetic (antiferromagnetic) ex-
change interaction, in the presence of crystal
fields, may induce (suppress) the crossover tem-
perature(s} in (H~ &„/H

The quantity (H+) „/H may also be termed as
the 4f contribution to the Knight shift at the samari-
um nuclear site, but it is not the same as the 4f
contribution to the Knight shift at the nonmagnetic
constituents in samarium compounds. Unfortunate-

ly, nuclear magnetic resonance of samarium in the
paramagnetic state has not been studied so far.
However, nuclear techniques, such as perturbed
angular correlation (PAC), can be used to mea-
sure the effective hyperfine field at the samarium
nuclear site, in paramagnetic samarium com-
pounds, in the presence of an externally applied
magnetic field. Experiments using PAC technique
are already underway 6 on samarium compounds
(where crystal fields are known to be sizable) to
study the effects reported in this paper, and pre-
liminary results indicate that the 4f-induced hyper-
fine field at samarium is indeed negative in one
of the cubic compounds. Calculations of the hyper-
fine field on samarium in the ferromagnetic state
will be presented in another paper. ~
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